Increased levels of angiotensin II (Ang II) and activated matrix metalloproteinase 2 (MMP-2) produced by human aortic smooth muscle cells (human ASMCs) have recently been implicated in the pathogenesis of thoracic aortic aneurysm (TAA). Additionally, angiotensin II type 1 receptor (AT1R)-mediated extracellular signal-regulated kinase (ERK)1/2 activation contributes to TAA development in Marfan Syndrome. However, there is scant data regarding the relationship between Ang II and MMP-2 expression in human ASMCs. Therefore, we investigated the effect of Ang II on MMP-2 expression in human ASMCs and used Western blotting to identify the Ang II receptors and intracellular signaling pathways involved. Reverse transcription polymerase chain reaction (RT-PCR) and immunofluorescence data demonstrated that Ang II receptors were expressed on human ASMCs. Additionally, Ang II increased the expression of Ang II type 2 receptor (AT2R) but not AT1R at both the transcriptional and translational levels. Furthermore, Western blotting showed that Ang II increased MMP-2 expression in human ASMCs in a dose-and time-dependent manner. This response was completely inhibited by the AT1R inhibitor candesartan but not by the AT2R blocker PD123319. In addition, Ang II-induced upregulation of MMP-2 was mediated by the activation of ERK1/2, whereas p38 mitogen-activated protein kinase (p38 MAPK) and c-Jun N-terminal kinase (JNK) had no effect on this process. In conclusion, these results indicate that Ang II can increase the expression of MMP-2 via AT1 receptor and ERK1/2 signaling pathways in human ASMCs and suggest that antagonists of AT1R and ERK1/2 may be useful for treating TAAs.
Introduction
Thoracic aortic aneurysms (TAAs) tend to expand asymptomatically until aortic rupture or dissection occurs, but once they rupture, the mortality rate is at least 94%. 1 Because there are no validated medical therapies for TAAs, treatment is confined to open or endovascular surgical repair. Thus, there is an urgent need to characterize the pathogenic mechanisms of this disease and develop effective pharmacological therapies.
Matrix metalloproteinases (MMPs) are a family of structurally related, zinc-containing endopeptidases implicated in the degradation of extracellular matrix and connective tissue proteins. 2, 3 Among MMPs, MMP-2 and MMP-9 have been found to be elevated in thoracic aortic aneurysmal tissue. [4] [5] [6] In the thoracic aorta, the major source of MMP-9 is inflammatory cells such as macrophages and B lymphocyte cells in the media and at the adventitial-medial junction, 7 whereas MMP-2 is mainly produced by vascular smooth muscle cells (VSMCs) in the tunica media of the aorta. [8] [9] [10] However, the detailed mechanisms of MMP-2 upregulation in VSMCs remain unknown in TAAs.
Angiotensin II (Ang II) is a multifunctional octapeptide with diverse effects, including modulating vasomotor tone, cell migration, cell growth, apoptosis, and extracellular matrix deposition. 11 Recently, accumulating evidence has demonstrated that Ang II is strongly associated with the formation and progression of TAAs in human and mouse models. [12] [13] [14] [15] However, the causal role of Ang II in the development of human TAAs remains to be clarified. VSMCs have been demonstrated to play important synthetic roles during development and vascular remodeling. 16, 17 Furthermore, it has become evident that in vitro, Ang II can stimulate rat aortic smooth muscle cells (ASMCs) and human umbilical vein endothelial cells to produce, secrete, and activate MMP-2. [18] [19] [20] However, Browatzki et al. 21 reported Ang II induced the expression of MMP-1, MMP-3, and MMP-9, but not MMP-2, in human VSMCs obtained from human saphenous veins.
Although individual studies have recently demonstrated that Ang II upregulates MMP-2 expression in VSMCs, these conclusions are based on rat ASMCs. 18, 22 Because rat and human VSMCs respond differently to Ang II, 23 those conclusions cannot be definitively applied to human ASMCs. Furthermore, the mechanisms of Ang II-stimulated MMP-2 expression have not yet been clarified. Thus, we investigated Ang II-induced effects on MMP-2 expression in human ASMCs and the signaling pathways required for Ang II-induced MMP-2 expression in human ASMCs. Our results demonstrate that Ang II stimulates increased MMP-2 expression in human ASMCs through extracellular signal-regulated kinase (ERK)1/2 activation but not through p38 mitogen-activated protein kinase (p38 MAPK) or c-Jun N-terminal kinase (JNK).
Materials and methods

Regents and antibodies
The following main regents and antibodies were used in this study: Angiotensin II was purchased from Sigma (St. Louis, MO, USA). MAPKs inhibitors SB203580, PD98059, SP600125, Ang II receptors inhibitors candesartan and PD123319 were purchased from Selleck Chemicals (Houston, TX, USA). Fetal bovine serum (FBS), cell culture media and TRIzol reagent were purchased from Life Technologies (Grand Island, NY, USA). BCA protein assay reagents were purchased from Pierce (Rockford, IL, USA); anti-MMP-2 was purchased from Bioworld Technology (St. Louis Park, MN, USA), rabbit anti-c-Jun amino kinase terminal kinase (JNK), anti-phospho-JNK1/2, anti-extracellular-signal-regulated kinase (ERK)1/2, anti-phospho-ERK1/ 2, anti-p38, anti-phospho-p38 from Cell Signaling Technology (Beverly, MA, USA); anti-glyceraldehyde-3phosphate dehydrogenase (GAPDH) from Santa Cruz Biotechnology (Dallas, TX, USA); antismooth muscle aactin, anti-Ang II type 1 receptor (AT1R), and Ang II type 2 receptor (AT2R) from Abcam (Cambridge, UK). Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG were purchased from Cell Signaling Technology (Beverly, MA, USA).
HASMC culture
Primary human ASMCs were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 100 U/mL penicillin G, 100 mg/mL streptomycin, and 10% FBS at 37 C in a humidified 5% CO 2 incubator. The purity of the human ASMCs was greater than 97% (data not shown), as confirmed by immunocytochemical staining of a-smooth muscle actin (a-SMA, Abcam). For the experiments, Cells from 3 to 8 subcultures were plated in six-well plates at a density of approximately 5 Â 10 5 cells per well and grown to 80-90% confluence. The ASMCs were cultured in serum-free DMEM (serum-starved) for 24 h. Subsequently, the medium was replaced with DMEM supplemented with 0.1% FBS. Cells were then treated with one of the following protocols: (1) ASMCs were treated with various Ang II concentrations (0.01, 0.1, 1, or 10 mM) for 24 h or with various Ang II stimulation time courses (12, 18, 24, or 48 h) to test for MMP-2 expression. (2) ASMCs were stimulated with Ang II for various incubation times (2, 5, 10, 30, or 60 min) for assessing MAPK phosphorylation.
(3) ASMCs were treated with or without 1 mM Ang II for 48 h for evaluating ATR expression. (4) Cells were pretreated with 0.1 mM candesartan, an AT1R antagonist, or 1 mM PD123319, an AT2R antagonist, for 30 min, followed by exposure to 0.1 mM Ang II for 2 min. (5) Cells were pretreated with 1 mM candesartan and 10 mM PD123319 for 60 min, followed by treatment with 0.1 mM Ang II for 24 h. (6) Cells were pretreated for 60 min with 20 mM SB203580, a p38 MAPK inhibitor, 10 mM PD98059, an ERK1/2 inhibitor, or 10 mM SP600125, a JNK inhibitor. At the end of each treatment, the cells were collected for protein extraction, and protein concentrations were determined using the BCA Protein Assay Kit.
Immunofluorescent staining
Human ASMCs were fixed with 4% paraformaldehyde for 15 min at room temperature and permeabilized with 0.1% Triton X-100 for 20 min at room temperature. Then, the cells were incubated with the primary antibodies (AT1R 1:100; AT2R 1:100) overnight at 4 C followed by incubation with anti-rabbit secondary antibodies (Invitrogen, Carlsbad, CA, USA) conjugated with Alexa 488 at a dilution of 1:400 for 1 h at room temperature. Cell nuclei were counterstained with 4 0 , 6-diamidino-2-phenylindol (DAPI, Beyotime, Jiangsu, China) for 5 min. Slides were mounted with antifading reagent (Beyotime, Jiangsu, China) and examined with a Leica TCS SP8 confocal spectral microscope (Wetzlar, German). Representative images were automatically taken using a SPOT digital camera.
Reverse transcription polymerase chain reaction
Total cellular RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. RNA was quantified using a spectrophotometer (NanoDrop ND-3300, Thermo Scientific, Waltham, MA, USA) at the absorbance of 260 nm/280 nm. Total RNA (1 mg) was reverse-transcribed to the cDNA using RevertAid First Strand cDNA Synthesis Kit (# K1622 Thermo Scientific). The expression of AT1R and AT2R mRNA was assessed by reverse transcription polymerase chain reaction (RT-PCR). The single-stranded cDNA was amplified by PCR using 35 cycles. PCR conditions were 15 s of denaturation at 94 C, 20 s of annealing at 58 C, and 40 s of extension at 72 C. As an internal control, GAPDH was co-amplified. The number of cycles was 35, the sequences of the oligonucleotide primers used for PCR and the sizes of the predicted PCR products are shown in Table 1 . The PCR product (10 mL) was electrophoresed on 2.0% agarose, stained with ethidium bromide, and visualized by UV absorption. Densitometric signals were quantified by using Quantity One 4.6.2 Software (Bio-Rad, Hercules, CA, USA).
Western blot analysis
The human ASMCs were collected by centrifugation at 14,000 g for 10 min at 4 C for protein extraction using RIPA lyses buffer (50 mM TriseHCl pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1.2% Triton-X-114, 1 mM NaF, 200 mM NaVO4) and 1 tablet/10 mL of protease inhibiter cocktail tablets 9 (Roche Diagnostics, Mannheim, Germany). Protein concentrations were determined by the BCA Protein Assay Kit. For Western blotting, equal amounts of protein extracts (20 mg) were loaded into 10% SDS-polyacrylamide gels and then transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA, USA). Non-specific binding sites were blocked by incubating the membranes in TBS-0.1% Tween-20 with 5% skimmed milk for 1 h at room temperature, the membranes were incubated with primary antibodies (1:1000 dilution for MMP-2, AT1R, AT2R, t-p38, p-p38, t-ERK1/2, p-ERK1/ 2, t-JNK1/2, p-JNK1/2, GAPDH) overnight at 4 C, and then washed three times with TBS-T, followed by incubation with a dilution of 1:5000 of horseradish peroxidase-conjugated polyclonal anti-rabbit antibody for 1 h at room temperature. The membrane was detected with an enhanced ECL chemiluminescence system (Millipore, Billerica, MA, USA). Densitometric signal intensity was then measured using Quantity One 4.6.2 software. Equal protein loading of the samples was further verified by staining with GAPDH-specific monoclonal antibody.
Statistical analysis
Data are presented as means AE SME of at least three individual experiments and triplicate wells in each experiment. Group differences were analyzed by analysis of variance (ANOVA), and individual group differences were tested by the post hoc Fisher's protected least significant difference test. P value less than 0.05 was considered statistically significant. All data were analyzed with SPSS 21.0 software.
Results
Ang II induces protein expression of MMP-2 in human ASMCs
Compared with the control group, Ang II stimulation of human ASMCs induced a significant increase in MMP-2 protein expression, at concentrations as low as 0.01 mM for 24 h (P ¼ 0.041, Figure 1a and b) and with further increases upon stimulation with 1 mM (P < 0.001, Figure  1a and b) or 10 mM for 24 h (P < 0.001, Figure 1a and b). Moreover, incubation with 0.1 mM Ang II for 12 h elevated the MMP-2 protein level (P ¼ 0.134, Figure 1c and d), and greater increases in MMP-2 protein level were observed upon treatment with 0.1 mM Ang II for 24 h and 48 h (P < 0.001, Figure 1c and d). These results demonstrate that Ang II upregulates the protein expression of MMP-2 in a dose-and time-dependent manner in cultured human ASMCs.
AT1R and AT2R expression in human ASMCs
We assessed the expression of Ang II receptors in human ASMCs using RT-PCR and immunocytochemistry. Both AT1 and AT2 receptors are present in human ASMCs (Figure 2 ). Immunocytochemistry showed strong membrane and cytoplasmic expression of AT1R (Figure 2a ) and obvious cytoplasmic as well as very weak membrane expression of AT2R (Figure 2b ).
Ang II increases the expression of AT2R but not AT1R in human ASMCs
We evaluated the effects of Ang II on the overall transcriptional and translational expression of AT1R and AT2R in the total cell extracts using RT-PCR and Western blot analysis after exposure to 1 mM Ang II for 48 h. RT-PCR revealed no significant change in AT1R mRNA levels following pretreatment with Ang II (P > 0.05; Figure 3a and b), which was confirmed by the translational expression via Western blot (P > 0.05; Figure 3c and d). However, Ang II markedly stimulated both the transcriptional and translational expression of AT2R (P ¼ 0.003, Figure 3e and f; P ¼ 0.009, Figure 3g and h, respectively) in human ASMCs.
Ang II promotes activation of ERK1/2 but not p38 MAPK or JNK in human ASMCs
We examined whether Ang II stimulation affects MAPK activity in human ASMCs. Human ASMCs were stimulated with 0.1 mM Ang II for 0, 2, 5, 10, 30, or 60 min. As shown in Figure 4 , our results demonstrate that in human ASMCS, ERK1/2 but not p38 MAPK or JNK was activated in response to treatment with Ang II, and ERK1/2 activation peaked at 2 min (P ¼ 0.016, Figure 4b and e). Levels of p-p38 MAPK and p-JNK showed no statistically significant differences at any of the time points tested (P ¼ 0.510 Figure 4a and P ¼ 0.874 Figure 4c , respectively). 
Ang II stimulates ERK1/2 phosphorylation and the upregulation of MMP-2 expression via the AT1 receptor in human ASMCs
Because human ASMCs express both AT1R and AT2R, we examined which receptor was involved in Ang II-induced ERK1/2 phosphorylation and MMP-2 upregulation. We pretreated human ASMCs with the AT1 receptor antagonist candesartan (0.1 mM for 30 min) and the AT2 receptor blocker PD123319 (1 mM for 30 min) followed by incubation with Ang II (0.1 mM for 2 min). Phosphorylation of ERK1/2 was completely inhibited by candesartan (P ¼ 0.004, Figure  5a ). In contrast, PD123319 had no effect upon Ang II-induced ERK1/2 phosphorylation (P ¼ 0.516, Figure  5a ). In addition, human ASMCs were pretreated with candesartan (1 mM for 60 min) or PD123319 (10 mM for 60 min) and subsequently stimulated with Ang II (0.1 mM for 24 h). Candesartan completely inhibited the increase in MMP-2 protein expression induced by Ang II (P ¼ 0.005, Figure 5b ), but PD123319 did not (P ¼ 0.439, Figure 5b) .
These results indicate that Ang II induced the phosphorylation of ERK and the upregulation of MMP-2 expression via AT1R in human ASMCs.
The Ang II-induced elevation of MMP-2 expression is mediated by ERK1/2 in human ASMCs
To determine whether the MAPK signaling pathway was involved in Ang II-induced MMP-2 expression, human ASMCs were stimulated with 0.1 mM Ang II for 24 h, with or without pretreatment with PD98059 (an ERK1/2 inhibitor, 10 mM for 60 min), SB203580 (a p38 MAPK inhibitor, 20 mM for 60 min), or SP600125 (a JNK1/2 inhibitor, 10 mM for 60 min). As shown in Figure 6 , Ang II treatment led to a significant increase in MMP-2 levels that was completely abolished by PD98059 (P ¼ 0.002, Figure 6b ) but not by SB203580 or SP600125 (P ¼ 0.719, Figure 6a and P ¼ 0.347, Figure 6c ). These data demonstrate that ERK1/2 was involved in Ang II-induced MMP-2 expression in human ASMCs.
Discussion
In the present study, we show that Ang II increases MMP-2 expression in a dose-and time-dependent manner in human ASMCs (Figure 1a and b) . This is consistent with the previous result using rat ASMCs as model cells. 18 Moreover, Browatzki et al. 21 reported that Ang II induced concentration-dependent expression of MMP-1 and MMP-3 in human VSMCs obtained from human saphenous veins. In addition, Guo et al. 24 demonstrated that Ang II induces time-dependent MMP-9 expression via a NF-kB-dependent pathway in VSMCs cultured from rat aorta. Our findings and other results suggest that Ang II may induce an entire complement of MMPs within aorta tunica media, and together, these MMPs may degrade different components of the extracellular matrix and subsequently lead to thoracic aortic aneurysm formation. RT-PCR and immunofluorescence showed that Ang II receptors (AT1R and AT2R) are expressed in the ASMCs (Figure 2 ). Ang II (1 mM, 48 h) induced increased AT2R expression at both the transcriptional and translational levels, whereas AT1R expression was not affected by Ang II (Figure 3 ). By contrast, de Godoy and Rattan 25 demonstrated that Ang II (10 mM, 30 min) caused the movement of AT1R from the plasma membrane to the cytoplasm and had the opposite effect on AT2R but did not change the total levels of Ang II receptors. Thus, the mechanism of Ang II-induced increases in AT2R expression was unknown and required further investigation. Furthermore, it has been shown that increasing AT2R decreased the expression of MMP-2 in rat ASMCs and in Ang II-infused rat aortic tissues, 26, 27 which may contribute to slowing the progress of TAAs. To identify the receptor involved in the Ang II-induced increase in MMP-2 protein level, we examined the effects of candesartan (selective AT1R inhibitor) and PD123319 (selective AT2R blocker) on Ang II-induced MMP-2 expression. We found that candesartan completely inhibited Ang II-induced expression of MMP-2, whereas PD123319 did not (Figure 5b) . These results indicate that Ang II-induced MMP-2 upregulation is mediated by AT1R in human ASMCs. Ford et al. 28 obtained a similar result regarding Ang II-stimulated collagen synthesis in human arterial SMCs cultured from internal thoracic artery. Furthermore, the effect of Ang II on ERK phosphorylation in human ASMCs was also abolished by the AT1 antagonist candesartan, whereas the AT2R blocker PD123319 had no such effect (Figure 5a ).
Previous reports have shown that Ang II induces MMP-2 expression in a p47phox-dependent manner in mice ASMCs. 18 However, to date, there have been no reports regarding the role of MAPK signaling pathways in the Ang II-induced expression of MMP-2 in human aortic SMCs. p38 MAPK, ERK1/2, and JNK are the three major members of the MAP kinase superfamily, which is composed of serine and threonine protein kinases that are involved in the regulation of numerous intracellular signal transduction pathways. 29 To our knowledge, the present study is the first to show that Ang II induced MMP-2 expression in human ASMCs through ERK1/2 activation but not the p38 MAPK and JNK signaling pathways (Figures 4 and 6 ). Other than in human ASMCs, ERK1/2 is also involved in Ang II-induced MMP-2 expression and activation in human retinal pigment epithelium. 30 Ghosh et al. 31 demonstrated that phosphorylation of ERK is an important upstream event in MMP-2 activation in ERK1/2 knockout mice and mice ASMCs. Taken together, these data suggest that the mechanism of Ang II-induced MMP-2 expression, via the ERK1/2 signaling pathway, may play a critical role in the pathogenesis of TAAs. In addition, Touyz et al. 32 showed that Ang II mediated contraction in VSMCs via ERK-dependent signaling pathways in a spontaneously hypertensive rat model. Inhibition of ERK activation also suppressed Ang II-induced abdominal aortic aneurysm formation in ApoE-knockout mice. 33 Furthermore, the ERK1/2 inhibitor PD98059 significantly blocked Ang II-induced MMP-9 production in human non-syndromic thoracic aortic aneurysm walls. 34 Other cytokines, including platelet-activating factor and IL-1b, have been implicated in MMP-2 expression in rat aortic smooth muscle cell via ERK activation. 35, 36 Additionally, through ERK phosphorylation, Ang II also induces the expression of platelet-derived growth factor B-chain in rat ASMCs. 37 p38 MAPK and JNK do not appear to be involved in Ang II-induced MMP-2 upregulation in HASMCs (data not shown) because Ang II does not induce p38 MAPK and JNK phosphorylation (Figure 4a and c). However, p38 MAPK contributed to Ang II-stimulated migration of rat ASMCs. 38 In addition, JNK is involved in Ang II-induced MMP-2 expression in human umbilical vein endothelial cells. 20 In conclusion, Ang II induced an increase in MMP-2 expression via AT1R/ERK-dependent signaling pathways in human aortic smooth muscle cells. Manipulation of this pathway using selective pharmacological inhibitors may provide novel approaches for treating thoracic aortic aneurysms.
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